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Abstract
Magnetotelluric (MT) is a geophysical technique that utilizes the naturally existing
electromagnetic fields to study the electrical substructure of the Earth. The key role of
MT in geothermal exploration is to detect and delineate geothermal resources and to
locate the exploitable reservoirs through which hot fluids at depth can be extracted. A
well-known hot spring in United Arab Emirates (UAE) is located in Al-Mubazzarah
area, Al Ain city. The MT method is used to study the electrical conductivity
distribution beneath the Al-Mubazzarah area. This study focuses on the
characterization of the subsurface electrical features and the geological structures
(faults) that control the geothermal fluids in Al-Mubazzarah area. Eight MT sites were
deployed in the Al-Mubazzarah area. A remote reference site was installed about 17
km far from the study area for a better data quality. Dimensionality and strike analysis
of Al-Mubazzarah area are carried out using the phase tensor ellipse approach. The
data shows that the 2D inversion is appropriate for the subsurface resistivity
interpretation. The results from 2D inversion of the MT data demonstrates the 2D
distribution of electrical resistivities beneath Al-Mubazzarah area to the depth of 5 km
bellow the Earth surface. This model estimates three electrical layers, from top to
bottom of the study area. Firstly, a layer with relatively low resistivity of quaternary
deposits (1 to 10 ohm.m) from ground surface to 0.3 km; secondly, a layer with high
resistivity (50 to 500 ohm.m) composed of limestone (0.3 km to 2 km-3.3 km), and
thirdly a deep layer (2 km-3.3 km to 4 km) of low resistivity (10 to 30 ohm.m) which
may represents the top of geothermal reservoir beneath the Al-Mubazzarah area.

Keywords: Magnetotelluric, inversion, Al-Mubazzarah, geothermal, Al Ain, United
Arab Emirates.
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)Title and Abstract (in Arabic

انعكاس ثنائي األبعاد للبيانات الكهرومغناطيسية األرضية الطبيعية لمنطقة المبزرة
(العين ،اإلمارات العربية المتحدة)
الملخص

الكهرومغناطسيةهي تقنية جيوفيزيائية تستخدم الحقول الكهرومغناطيسية الموجودة بشكل
طبيعي لدراسة البنية التحتية الكهربائية لألرض .يتمثل الدور الرئيسي للتقنية الكهرومغناطيسية
في استكشاف الطاقة الحرارية األرضية ،واكتشاف وتحديد موارد الطاقة الحرارية األرضية،
وتحديد الخزانات القابلة لالستغالل والتي يمكن من خاللها استخراج السوائل الساخنة في العمق.
يقع ينبوع حار معروف في منطقة المبزرة في مدينة العين في اإلمارات العربية ،وتستخدم طريقة
الكهرومغناطيسية لدراسة توزيع الموصلية الكهربائية أسفل منطقة المبزرة .وتركز هذه الدراسة
على توصيف الخصائص الكهربائية تحت السطحية ،والتراكيب الجيولوجية (الصدوع) التي
تتحكم في سوائل الطاقة الحرارية األرضية في منطقة المبزرة .تم نشر ثمانية مواقع
كهرومغناطيسية في منطقة المبزرة ،وتم تثبيت موقع مرجعي عن بعد على بعد حوالي  71كم من
منطقة الدراسة للحصول على جودة بيانات أفضل ،حيث تم إجراء تحليل األبعاد والمضارب
لمنطقة المبزرة باستخدام نهج القطع الناقص للمرحلة .وتشير البيانات إلى أن االنعكاس ثنائي
األبعاد مناسب لتفسير المقاومة تحت السطحية ،وتُظهر نتائج االنعكاس ثنائي األبعاد لبيانات
الكهرومغناطيسية التوزيع الثنائي األبعاد للمقاومات الكهربائية أسفل منطقة المبزرة على عمق 5
كم من سطح األرض .يقدر هذا النموذج ثالث طبقات كهربائية ،من أعلى إلى أسفل منطقة الدراسة.
أوالً ،طبقة ذات مقاومة منخفضة نسبيًا للرواسب الرباعية (من  7إلى  71أوم-متر) من سطح
األرض إلى  1.0كم؛ ثانياً ،طبقة ذات مقاومة عالية (من  51إلى  511أوم-متر) تتكون من الحجر
الجيري (من  1.0إلى  2كم إلى  0.0كم) ،وثالثة طبقة عميقة (من  2إلى  0.0كم إلى  4كم)
منخفضة المقاومة (من  71إلى  01أوم-متر) والتي قد تمثل الجزء العلوي من الخزان
الجيوحراري تحت منطقة المبزرة.
مفاهيم البحث الرئيسية :الكهرومغناطيسية ،إنعكاس ،المبزرة ،الجيوحراري ،العين ،اإلمارات
العربية المتحدة.
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Chapter 1: Introduction
1.1 Overview
The United Arab Emirates (UAE) is a part of Arabian Peninsula and it lies at
the northeast of this peninsula. It is situated in Middle East, bordering the Gulf of
Oman and the Arabian Gulf, between Oman and Saudi Arabia. The UAE lies between
22°30' and 26°10' North latitude and between 51° and 56°25′ East longitude. It shares
borders on west and south with Saudi Arabia, on east with Oman and on the northwest
with Qatar. The figure below illustrates the UAE map (Figure 1).

Figure 1: Map of the United Arab Emirates (Wikipedia, 2019)
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Abu Dhabi is the capital of the UAE and is located in the far west and southwest
part of the United Arab Emirates along the southern coast of the Arabian Gulf between
latitudes 22°40' and around 25° North and longitudes 51° and around 56° East. Among
the urban centers of Abu Dhabi, Al Ain is billed as the garden city. This town is
consisted of a central oasis with discernible Hafit Mountain that makes it distinguished
among other surrounding towns.
Jabal Hafit (Hafit Mountain) is one the largest outcrops in United Arab
Emirates after Jabal Al Jais and Jabal Rahabah with elevation of 1249 meters. It is
located in the eastern region of UAE, south east of Al Ain City, at the latitude of 24°03′
North and longitude 55°46′ East. Figures (2) and (3) show the location of the Jabal
Hafit on the UAE satellite map.
Al Mubazzarah area is at the foothill of the Jabal Hafit. A well-developed green
area in the middle of the desert. The green Mubazzarah is known for its hot springs.
The hot water is pumped out from the subsurface throughout the year, creating a
touristic attraction. The sources of the hot water and the size of the hydrothermal
reservoir is still unknown.
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Figure 2: Jabal Hafit location on the UAE map (Google Maps, 2019a)

Figure 3: A closer view of the Jabal Hafit (Google Maps, 2019b)
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There are various definitions for a hot spring. According to a scientific research
on the definition of the hot sprint, it is most logic to consider a hot spring as a spring
with water temperature higher than normal human body temperature (36.7 ºC) or a
spring with mean water temperature higher than mean air temperature (Pentecost et al.,
2003). The origin of hot springs varies with the geological events of the area.
Generally, in a hot spring system, a responsible geological setting would let the water
penetrate deep where at a certain depth it would be heated up by the geothermal
gradient. The rise in the water temperature would remain until it returns to the surface
(Gallois, 2007). A conventional type of geothermal resource (hot spring) is originated
by heating up of the water at a depth. This heat comes from the core of the Earth.
Sometimes, magma reaches the surface of the Earth as lava, but usually it’s leftover
under the crust where it heats up adjacent rocks or water. Following this process, the
heated water might be trapped in the permeable layer of rock below an impermeable
rock layer. Therefore, a geothermal reservoir can be formed, and it can rise to the
surface as a hot spring (Kana et al., 2015). This mechanism is similar in many thermal
springs around the world and Al Mubazzarah area hot spring is not an exception.
To prospect a geothermal reservoir different geophysical exploration are
applicable. Using geophysical techniques, the physical properties of the Earth could
be measured. The parameters that are sensitive to temperature and fluid content are
mainly of interest to be studied. Also, other characteristic parameters of geothermal
system could be delineated in order to prospect geothermal fields, locate the zone of
geothermal activity and the structures that control the flow, as well as monitoring
general properties of geothermal system (Kana et al., 2015). In the subsurface where
a geothermal system is located various degrees of inhomogeneities in the
physical properties might occur, where these variations are usually observed from
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the surfaces of the Earth using geophysical methods (Manzella,1973). The key
physical parameters that are required to be studied in a geothermal system in order
to be able to utilize the system are temperature, porosity, permeability and fluid
content (Georgsson, 2013). The geophysical methods are gravity, seismic, magnetic
survey and electrical methods. Based on the target of the survey, and the geology of
the study area any of the mentioned methods could be applied. Most of the times, in
geothermal exploration, the magnetotelluric method is the most favored method due
to its significant depth of penetration.
Magnetotelluric is a nondestructive passive geophysical method that
investigates the resistivity variations of earth’s subsurface. MT method has
application in large and deep targets exploration and is widely used in studying
geothermal zones because of its relatively simple survey equipment and low-cost of
exploration compared to other geophysical methods (Vozoff, 1991).
Despite the large number of studies that were conducted in different parts of
the globe to explore geothermal systems using MT method, this study is the first to
apply MT method in the Al Mubazzarah area, UAE. The objectives of this study are
to delineate the resistivity distribution beneath the study area and to estimate the
geothermal reservoir elements and the geological structures (faults) that control the
geothermal fluids in this area.
1.2 Statement of the Problem
Renewable energy is a sort of energy produced from sources that do not deplete
or can be replenished within a human's lifetime. Wind, sun and water are the main
sources of renewable energies. Other types of renewable energies are tidal, biomass,
hydrogen and geothermal energies. Geothermal energy, as natural steam and hot water
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has been exploited for decades to generate electricity both in space heating and
industrial processes. It is the energy contained as heat in the Earth’s interior. The origin
of this heat is linked with the internal structure of our planet and the physical processes
occurring there.
Geothermal resources are generally restricted to areas of the Earth’s crust
where heat flow higher than in surrounding areas, heats the water contained in
permeable rocks (reservoirs) at depth. The resources with the highest energy potential
are mainly concentrated on the boundaries between plates, where visible geothermal
activity such as hot springs, fumaroles, steam vents and geysers frequently exist.
Hydrothermal reservoirs have been the most common source of geothermal energy
production worldwide. They contain hot water and/or steam trapped in fractured or
porous rock formations by a layer of impermeable rock on top.
United Arab Emirates economy is growing fast. Traditionally, the country
depends on the oil and gas as the main source of energy while, with population growth
the energy demand has increased. The UAE’s Energy Sector is aiming to transform to
energy mix strategy where a combination of renewable and nonrenewable energy
resources to meet UAE’s economic requirements.
UAE has already started energy production from renewable resources such as
solar energy, nuclear energy and wind energy. In addition, the country has the potential
of energy production from geothermal energy in a number of localities.
The green Mubazzarah area is a touristic attraction located at the foot of the
Hafit Mountain, Al Ain city, UAE. This area is known for its hot springs. The
temperature of water in this hot spring averages about 40 ºC. This type of geothermal
region is usually considered as low enthalpy geothermal zone.
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With the advent of technology in energy production field , many countries in
the world are able to exploit energy from low enthalpy geothermal zones. UAE has a
few locations associated with this type of renewable energy and Al Mubazzarah area is
among them. There are not many studies done in Al Mubazzarah area. This study will
help to recognize the structures associated with the geothermal zone and depth to the
source of heat as well as the expected size of this zone. All this information is needed
to be clarified for decision makers in order to be able to develop this area with respect
to the renewable energy efficiency.
1.3 Relevant Literature
It is an evident fact that the geothermal reservoirs and their environments have
certain specific physical characteristics that are vulnerable to detection and mapping
by geophysical methods. Many studies have covered the possibilities of using various
geophysical techniques in hydrothermal and geothermal investigations (Combs, 1978;
Kana et al., 2015; Manzella, 1973; Georgsson, 2013). According to Combs (1978)
geophysical methods such as gravity, magnetic, seismic, and satellite imagery which
were traditionally used in geothermal exploration are not as accurate as well logging
(borehole). Other methods could be used as a complementary technique based on the
type of the thermal system and the target of the study, but it would not be sufficient to
make final decision in utilization of the geothermal system (Combs, 1978). Whereas,
with the advance in the technology, the physical parameters that are obtained using
geophysical methods could be used to provide the basis for locating the borehole
position (Hui et al., 2015). Moreover, the physical parameters that are associated with
the geothermal system and are sensitive to the temperature are acquired using
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geophysical techniques to prospect and assess the geothermal area and its
characteristics.
Geophysical techniques have long been employed for the investigation of
subsurface geological features at geothermal fields. Magnetotelluric (MT) is a
geophysical method that uses the naturally existing electromagnetic fields to study the
electrical substructure of the Earth. The magnetotelluric (MT) method, initiated by
Tikhonov (1950) and Cagniard (1953), has been effectively applied to give insights
about the Earth's electrical conductivity and geologic structures.
Earlier, magnetotelluric studies were conducted worldwide to image
conductive variances at depth and map geological features such as faults, weathered
zones, groundwater reservoir and geothermal zones (Lichoro, 2013; Geiermann &
Schill, 2010; Amatyakul et al., 2016; Erdoğan & Candansayar, 2017; Kebede & Saibi,
2016). Two-dimensional inversion of MT data is a rapid tool for exploration of the
resistive anomalies (Erdoğan & Candansayar, 2017). In addition to that, the MT
method has been widely applied to give insights about the Earth's electrical
conductivity and geologic structures due to its deep penetration into the earth (Uchida
et al., 2005; Yamane et al., 2000; Spichak, 2005; Harinarayana et al., 2006) and ability
to resolve the parameters of complex geological media in the cases when other
methods do not give adequate results (Spichak, 2005). The combination of MT data
inversion with geology and geochemistry data can help solve various engineering
problems such as detection of source and size of a potential groundwater or geothermal
reservoir, investigation of subsurface geology and developing conceptual geologic
models.
The MT technique relies on measuring the electric conductivity contrasts of
the different rocks in the subsurface. It is particularly used for exploring deep targets
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because of its deep penetration which is not achievable with other electromagnetic
methods. In recent years, scientists used the MT method widely to study structures of
the crust and upper mantle. The method not only proves its effectiveness in imaging
deep subsurface structures but also considerably enhances our understanding of
geodynamics in different parts of the globe.
Zhang (2017) presents a general summary of the application of geophysical
electromagnetic methods, mainly the magnetotelluric (MT) method, in recent
investigations of the diverse tectonic features across the Asian continent. He presented
a detail explanation on the recent investigations of the diverse tectonic features across
the Asian continent. Studies from continental blocks of Asia, the Central Asian
orogenic system, the Tethyan orogenic system, as well as the western Pacific
subduction system were presented as case studies. In his conclusion, most of the major
continental blocks of Asia exhibit a three-layer structure with a resistive upper crust
and upper mantle and a relatively conductive mid-lower crust. Large-scale conductors
in the upper mantle were interpreted as an indication of lithospheric modification at
the craton margins (Zhang, 2017).
Hacıoğlu et al. (2018) investigate a young collision zone, the Arabia–Eurasia
collision in northeastern Turkey using magnetotelluric method. Wideband MT data
(76 sites) were collected from two intersecting profiles in the study area to construct
the characteristic electrical conductivity pattern associated with the intensely deformed
east Anatolian Collision Zone beneath the Erzurum–Kars Plateau, northeastern
Turkey. The resulting 3-D model showed two distinct conductive zones associated
with a local accumulation of melt exist at mid-to-lower crustal depths (15–45 km)
throughout the Erzurum–Kars Plateau.
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MT surveys can be performed in areas that seismic surveys would be
inappropriate; such as, rocky and very rugged terrains or highly vegetated land.
Besides, because of the relatively simple survey equipment and low-cost of
exploration, MT method takes the lead among other geophysical methods, especially
in geothermal system exploration. Furthermore, due to MT’s unique capability for
exploration to very great depths without using an artificial power source, it is mainly
used in mineral prospecting and geothermal zone characterization.
A geothermal system is constituted of a source of heat, a permeable reservoir
that let the water to flow freely through pores or fractures, and an impermeable trap
that prevents dispersion of hot water on the surface and keeps it under pressure. In the
case of low temperature geothermal systems, the source of heat could be the naturally
increasing temperature of the Earth with depth which can heat the percolating fluid
which can serve as a reservoir. In general, the fluids in geothermal systems are
meteoric water and they could present in form of liquid or vapor depending on the
conditions of the reservoir (temperature and pressure). Number of factors effecting the
resistivity of the rocks temperature, porosity, alteration, and salinity of the fluid in the
pore space (Cherkose & Mizunaga, 2018).
Patro (2017) has summarized the geothermal systems’ classification based on
the enthalpy of the geothermal fluids as low, medium and high enthalpy resources.
According to this study the ranges of are as low enthalpy resources (<90 ºC and <100
ºC), medium (intermediate) enthalpy resources (90- 150 ºC and 100- 200 ºC) and high
enthalpy resources (>150 ºC and >200 ºC) based on Muffler & Cataldi (1978) and
Benderitter & Cormy (1990) findings respectively.
Further, the temperature of the system controls the electrical conductivity of
the assembly. Therefore, the geothermal system behaves as an electrically anomalous

11
conductive target. The electromagnetic methods, MT in particular, become crucial
mean to detect and image such conductive zones over a range of depths in a given
region of geothermal significance (Patro, 2017).
The results of resistivity distribution are used to map the lithology,
contacts/faults and location of geothermal reservoirs and groundwater aquifers. Figure
(4) shows the electrical resistivity of different earth materials. The main factor
effecting the resistivity of rocks in geothermal systems is hydrothermal alternation of
minerals and its relationship with temperature (Hersir & Árnason, 2009), which mainly
occurs in the case of high enthalpy geothermal system where temperature reaches over
150 ºC. MT method might be used to construct resistivity structure of a geothermal
system and produce information about the temperature and other attributes of interest
in the geothermal zones. The temperature distribution causes hydrothermal alteration
of the minerals that is determined by heat convection (hydrothermal waters), which
leads to formation of various clay minerals. Differences in electrical conductivities of
these altered minerals is a significant factor in the geothermal heat source prospecting
(Chiragwile, 2009).
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Figure 4: Electrical resistivity of Earth materials (Zonge, 2019)

MT is one of the most used geophysical methods for geothermal exploration.
Other examples of applications of MT method are such as locating possible geothermal
source zone in Chabsar hot spring, India (Mohan et al., 2017), analyzing the
geothermal zone in Hamam Faraun, Egypt, and to allocate the possible source of that
hot spring (Abdel Zaher et al., 2012), exploration of shallow geothermal fluid reservoir
of Fang geothermal system, Thailand (Amatyakul et al., 2016) and clarification of the
geological structures associated with the Gediz Graben geothermal area using 3-D
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inversion to produce conceptual model for the resistive basement rock structure,
Turkey (Erdoğan & Candansayar, 2017).
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Chapter 2: Geology
2.1 Geological Setting
During Late Cretaceous, formation of Oman Mountains in the south east of
Arabian platform occurred due the obduction of the north east oceanic crust and upper
mantle, with oceanic basin and slope sediments onto the eastern continental crust of
the Arabian platform. In the Late Eocene-Miocene, collision of the Arabian Plate with
the Eurasian Plate as a result of second compressional post-obduction event produced
large-scale folding and the reactivation of deep-seated faults in the frontal fold and
thrust belt and adjacent foreland basin (Boote et al., 1990; Dunne et al., 1990; Searle
et al., 1990). In addition, sedimentary succession along the western flank of the
northern Oman Mountains near the Al-Ain area was uplifted. One of the remarkable
structures of the Oman Mountains is Hafit anticline that separates Northen and Central
Oman Mountains at a 20 km distance from the western edge of the allochthon (Glennie,
1974). The Jabal Hafit is a doubly plunging asymmetric anticline that trends NNWSSE. This mountain is 28 km long and 4 km wide which has a prominent structure in
the frontal northern Oman Mountains. It is located in the south east of the Al Ain city,
eastern region of United Arab Emirates (Figure 5).
Jabal Hafit is the UAE’s second highest peak with the height of approximately
1240 m. The Hafit Mountain is placed on the western edge of northern Oman Mountain
trending parallel to the mountain range and is detached from the latter by the Al Jaww
plain.
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Figure 5: Location of Jabal Hafit on the UAE map and geological map of Jabal Hafit retrieved from (Abdelghany, 2002)
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2.2 Stratigraphic Setting
The Tertiary structure of Hafit Mountain is consisted of five different rock units
which are Rus Formation, Dammam Formation, Asmari Formation, Lower Fars
Formation and Quaternary deposits from older to younger respectively.
The Lower Eocene Rus Formation is exposed in the core which contains a sequence
of well bedded massive limestones, nodular limestones with chert bands and nodules.
Rus Formation is overlaid by Middle-Late Eocene Dammam Formation comprising
alternating sequence of thin bedded Dammam hard Nummulitic limestones
(grainstones) and marls. Above that the Asmari Formation of Early Oligocene Epoch,
containing interbedded hard to nodular bioclastic limestone with some small reef and
fossiliferous limestone and marl is deposited. Finally, Lower Fars Formation is placed,
which represents Quaternary deposits that are formed recently from aeolian sands and
fluvial deposits.
Ali et al. (2009) have conducted seismic survey across Jabal Hafit and in Al
Jaw-plane. The interpretation of seismic profiles across the Hafit Mountain has
identified the subsurface rock units as: Mesozoic shelf carbonates (Wasia and
Thamama Groups); foreland basin (Aruma Group); the Hawasina allochthon; and
Upper Cretaceous – Lower Tertiary (Pabdeh Group), and Upper Tertiary (Fars Group)
sequences. Figure (6) represents subsurface geology of Jabal Hafit. The western limb
of Hafit anticline displays dip about 30°, while the eastern limb shows dips varying
between 70° and 90°. The box fold appearance of the anticline is due to the ~2 km
wide sub-horizontal section of the crest (Ali et al., 2009). The westward dipping
reverse fault, Tarabat thrust fault, has bound the Hafit anticline to the east (Noweir,
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2000), which also has come across an exploration well at the north of the structure (Ali
et al., 2009).

Figure 6: Stratigraphic section of Jabal Hafit (Noweir, 2000; Ali at al., 2009)
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Chapter 3: Methodology
3.1 Theoretical Approach of Magnetotelluric Method
Electromagnetic methods are developed based on Maxwell’s equations that are
obtained as a result of combination of Ampère’s, Gauss’s and Faraday’s law
(Equations 1-3), which describe the magnetic and the electric fields and the
relationship between these fields (Equations 1-7).
𝜕𝐵

Faraday’s Law:

∇×E = −

Ampere’s Law:

∇×H = j+

Gauss’s Law:

∇·B = 0

𝜕𝑡
𝜕𝐷
𝜕𝑡

Coulomb’s Law: ∇·D = 𝜌

(1)
(2)
(3)
(4)

Where,
E: electric ﬁeld, [V/m];
H: magnetic ﬁeld, [A/m];
B: magnetic induction, [T];
D: electric displacement current, [C/m2];
j: electric current density, [A/m2];
𝜌: electrical charge density of free charges, [C/m3].

Maxwell’s equations can also be related through their constitutive relationship:

J=σE

(5)

D=εE

(6)

B=μH

(7)
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Where,
σ: electrical conductivity ( = 1/ σ (Ω-m)), [S/m]
ε: dielectric permittivity (ε0=8.854  10-12), [F/m]
μ: magnetic permeability (0=4  10-7), [H/m]

σ, ε and μ describe fundamental properties of the materials through which the
electromagnetic fields propagate. Due to the difference in the petrophysical properties
of various bodies, the strength of electromagnetic field differs for one body compared
to another.
On one hand, the Gauss’s law describes that divergence of electric flux density
(∇·D) which is proportional to electric field is equivalent to the volume charge density
(𝜌). This tells how much charges in Coulombs (C) exist over a given volume (equation
(4)).
In fact, it’s the relationship between a static electric field and the electric
charges that causes this. The static electric field points away from positive charges
towards negative charges, and the net outflow of the electric field through any closed
surface is proportional to the charge enclosed by that surface; therefore, Gauss's law
states that the total electric flux exiting in any volume is equal to the total charge inside
it. Electric charges are either negative or positive and the charges of the same sign (+
or ̶ ) repel each other while charges with opposite signs attract each other. In another
word we should expect an electric field to point outward or inward (based on the
positive or negative sing of the charge) around single charge; but if no charge exists
there will be no electric field. Consequently, divergence will be equal to zero when
there is no charge.
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On the other hand, Gauss’s law of magnetism states that divergence of
magnetic flux density is zero. Since magnetic field is related to magnetic flux (equation
(7)), divergence of magnetic field is also zero. This means that there is no magnetic
monopole existed similar to electric charge. The magnetic object has magnetic dipole
(south pole and north pole). The net outflow of the magnetic field through any closed
surface is zero because the magnetic fields flow in a closed loop. Furthermore, for any
constant field, the number of lines entering a volume and emerging from it will be
identical for all objects placed entirely in the field. Hence, divergence will be zero for
a constant field. A vector field with zero divergence is called solenoidal (equation (3)
solenoid B) where a closed surface has no net flow across it.
Nonetheless, the Maxwell-Faraday’s law governs the relationship between
electric field and the magnetic field. Equation (1) shows that curl of electric field is
∂B

equal to time rate of change of magnetic field ( ( 𝜕𝑡 ) time varying magnetic field). The
curl is the rate at which electrics field spins around something (how much electric field
wraps around something).
Assuming a closed loop, if the magnetic field changes in the loop (with respect
to the time), it generates an electric field that swirls. Similarly, if an electric field swirls
then it will produce a magnetic field through the loop that will change with time. This
basically means that an electric current gives rise to a magnetic field and a magnetic
field within a loop gives rise to an electric current. In addition to that, a changing
electric field in space gives rise to a changing magnetic field in time.
Likewise, Ampere’s law with Maxwell’s addition explains that curl of
magnetic field equals to time changing electric field plus the electric current density
(equation (2)). According to this Maxwell’s equation, there are two phenomena that
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give rise to circulating magnetic field. Firstly, taking the curl of magnetic field equals
to the electric current density, assuming that the current is flowing through a wire; this
gives rise to a magnetic field which circles around the wire by the right-hand rule.
Secondly, the curl of magnetic field is equal to the rate of change of electric field
(displacement current density) with respect to the time.
If we have an electric field travelling in Z-direction, the rate of change of
electric field in the Z-direction is the second derivative of electric field with respect to
time (the wave equation). This comes directly from equation (2) which states that a time
varying electric field gives rise to a rotating magnetic field.
The fundamental physical property of the subsurface that is estimated using
MT method is electrical conductivity. Diffusion and depth of penetration of the
electromagnetic waves are depended on the physical properties of the rock which
corresponds to the resistivity of the rock. Similarly, the frequency of the
magnetotelluric field gives information on the depth to which it penetrates. In the halfspace of uniform resistivity, the speciﬁc depth where the amplitude of the EM waves
decays to 1/e of its original amplitude is commonly referred to as skin depth or
penetration depth, δ (m) (equation 8). Lower frequencies penetrate deeper while higher
frequencies remain in the shallow conductive layer. Thus, the apparent resistivity is
inversely proportional to the frequency. Five components of the electric and magnetic
fields are measured as a set of time series at each station. Consequently, resistivity
information of the medium is delivered by calculation of apparent resistivity for a
number of decreasing frequencies at progressively increasing depths (Kearey et al.,
2002).
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The penetration depth is described by the following:
δ ≈ 503√𝜌𝑎 T

(8)

Where,
𝜌𝑎 : measured apparent resistivity corresponding to period T
T: period of oscillation;

Maxwell’s equations in frequency domain for MT are described as follows:

𝛻 × 𝐸 = −𝑖𝜔µ𝐻

(9)

𝛻 × 𝐻 = (𝜎 + 𝑖𝜔𝜀)𝐸

(10)

Where,
ω: angular frequency (ω = 2πf);
f: frequency of oscillation (f = 1/T);
𝑖: imaginary unit of a complex number (𝑖 = √−1 ).

MT data are mathematically written in a frequency domain by a complex
impedance tensor. The impedance tensor is the linear relation between the horizontal
electric (E) and magnetic (H) field vectors which contains the information about the
resistivity structure. Basically, the impedance normalizes the electric field vector to
strength the magnetic field fluctuation that induces the electric current in the earth.
The complex impedance tensor Z describes the relation between the electric E
and magnetic H fields as given by:
𝑍𝑥𝑥
𝐸𝑥
(𝐸 ) = (
𝑍𝑦𝑥
𝑦

𝑍𝑥𝑦
)
𝑍𝑦𝑦

(11)
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𝑍 = 𝐸 ⁄𝐻

(12)

Apparent resistivity is:
𝜌𝑎 =

1
𝜔𝜇

|𝑍|2

(13)

and the impedance phase is:
𝐼𝑚(𝑍)

∅ = 𝑡𝑎𝑛−1 ( 𝑅𝑒(𝑍) )

(14)

The apparent resistivity depends on the ratio of the electric and magnetic field
components. In MT the direction of the incident wave does not affect the value of
apparent resistivity. The apparent resistivity can be considered an average value of the
Earth's resistivity (over a hemisphere of radius δ). Therefore, by calculating apparent
resistivity as a function of frequency, the variation of resistivity with depth can be
determined. As the frequency decreases, the skin depth increases, and the MT signal
penetrates further into the Earth and the apparent resistivity rises.
Accordingly, when the apparent resistivity increases with decreasing
frequency, the phase will be less than 45°. Similarly, a decrease in resistivity will
correspond to a phase greater than 45°. At the lowest frequency, the apparent resistivity
asymptotically approaches the true resistivity of the lower layer, and the phase returns
to 45°. Moreover, the phase is sensitive to the subsurface resistivity changes with depth
(Kaufman & Keller, 1981).
Magnetotelluric transfer functions or MT responses are functions that relate the
registered electromagnetic field components at a given frequency. The magnetotelluric
transfer functions are the impedance tensors and the geomagnetic transfer functions.
The impedance tensor describes the relation between the orthogonal electric and
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magnetic fields of a given frequency. the electric and magnetic field spectra are
linearly related as:
𝐸𝑥 = 𝑍𝑥𝑥𝐻𝑥 + 𝑍𝑥𝑦𝐻𝑦

(15)

𝐸𝑦 = 𝑍𝑦𝑥𝐻𝑥 + 𝑍𝑦𝑦𝐻𝑦

(16)

where 𝑍𝑥𝑦 and 𝑍𝑦𝑥 are called the principal impedances while 𝑍𝑥𝑥 and 𝑍𝑦𝑦 the
supplementary ones (contributions from parallel components of the electric and
magnetic field).
The geomagnetic transfer function, also known as the tipper vector or tipper, τ
is a dimensionless complex vector showing the relationship between the vertical and
the two horizontal components of the magnetic field (Parkinson, 1983)

𝐻𝑧(𝑓) = 𝜏𝑧𝑥𝐻𝑥(𝑓) + 𝜏𝑧𝑦𝐻𝑦(𝑓)

(17)

The tipper vector can be decomposed into two real and imaginary vectors in the
horizontal xy plane. These real vectors are called inductions arrows. They are used to
infer the presence of lateral variations (boundary) in conductivity. The size of the
arrow represents the magnitude of vertical magnetic fields. In the Wiese convention,
the vectors point away from lateral increase in electrical conductivity (Wiese, 1962)
while Parkinson convention, (Parkinson, 1959 and 1983) the vector point towards
lateral increase in electrical conductivity.
The phase tensor (Φ) is one of MT responses that defined as the ratio of the
imaginary part of the impedance tensor to the real part (Caldwell et al., 2004) as
follows:
Φ𝑖𝑗 =

𝐼𝑚 (𝑍𝑖𝑗 )
𝑅𝑒𝑖𝑗

(18)
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where subscript indexes i and j represent x or y respectively.
3.2 Research Method
Magnetotelluric (MT) is an electromagnetic geophysical exploration method
that images the electrical conductivity distribution of the earth. The MT data frequency
ranges from 0.0001 Hz to 1000 Hz which shows the wide range of depth of penetration
that could be achieved using MT method. MT surveys can demonstrate resistivity. The
natural time dependent variations of the re measured using MT methods as an energy
source. Since MT focuses on natural occurring electric and magnetic fields, it is a nondestructive passive technique that is totally eco-friendly, which ensures the survey site
is left in the same condition as found. MT method is applicable in rocky and rough
terrains where seismic survey would be unsuitable.
In practice five components of EM are measured in the form of set of time series
(Figure 7). Two orthogonal dipoles with non-polarizing electrodes are used to measure
electric field (Ex and Ey). In order to diminish temperature variations and good contact
of electrode, the electrodes are buried a few tens of centimeters deep. Induction coils
are used to obtain magnetic measurements (Hx, Hy and Hz). The relationship between
measured components of electric field and the magnetic field gives rise to the apparent
resistivity of the subsurface.
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Figure 7: Typical layout for a standard MT recording station

Nowadays, GPS receiver is used in any geophysical equipment to provide
accurate site location and time. The power source of MT equipment can be car battery
or other power sources like solar panels which helps minimizing power consumptions
(Smirnov et al., 2008). The KMS instrument has a box that contains an interface board,
data logger, GSM-modem, regulator for solar panels and battery inside the box and a
cable interface outside. Usually, five Pb/PbCl2 electrodes are available per instrument
with 25 meters to 100 meters’ electrode cables. It also has three induction coils and
cables along with a three-component induction coils with electronics box for magnetic
measurements (Figure 8).
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Figure 8: Components of KMS-820 System

The survey was conducted in Al Mubazzarah area (Al-Ain city, UAE). A
profile of nine locations (sites) were chosen for the measurements along the northern
part of Hafit anticline, south east of Al Ain city. The spacing between measurement
sites was set as 0.25 km (~ 250 m). A remote reference site was installed about 17 km
far from the study area for a better data quality. Data were recorded using broad-band
system in the period range 0.001–1000s at each site and data were sampled at 1000
Hz. For this purpose, MT survey of one profile parallel to the Jabal Hafit (Hafit
Mountain) was carried out (Figure 9). The figure (9) shows the location of MT stations
on the remote reference station (RR1). Figure (10) illustrates the field operation of MT
survey in Al Ain city.
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Figure 9: Location map of MT stations, RR1 is the reference station and m01 to m09
are the MT sites.

Figure 10: Magnetotelluric survey in Al-Ain, June 2017
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Chapter 4: Results and Discussion
Evaluation of the data for an adequate interpretation is usually done by a set of
analyses. The observed MT data analyzed the apparent resistivity and phases from
tensor components from 0.003 seconds (s) to 8 seconds (s). Nine MT sounding were
collected from the study area (Figure 11 to Figure 18). Most of the data have good
quality until 8 s and stations m02 and m04 have noises after 8 s and also one of the
phase tensor polarization goes out of quadrant as well as the determinant. Based on the
extreme behavior of the phase tensor for stations m02, m04 and m09, the periods
longer than 8 s were excluded from further analyses and inversion. Stations m05 and
m06 are eliminated due to the high level of noise.
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(a)

(b)

Figure 11: Results of apparent resistivity (a) and phase (b) of station #1 (m01)

31

(a)

(b)

Figure 12: Results of apparent resistivity (a) and phase (b) of station #2 (m02)
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(a)

(b)

Figure 13: Results of apparent resistivity (a) and phase (b) of station #3 (m03)
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(a)

(b)

Figure 14: Results of apparent resistivity (a) and phase (b) of station #4 (m04)

34

m05
(a)

(b)

Figure 15: Results of apparent resistivity (a) and phase (b) of station #5 (m05)
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(a)

(b)

Figure 16: Results of apparent resistivity (a) and phase (b) of station #7 (m07)
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m08
(a)

(b)

Figure 17: Results of apparent resistivity (a) and phase (b) of station #8 (m08)
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m09
(a)

(b)

Figure 18: Results of apparent resistivity (a) and phase (b) of station #9 (m09)
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In 2D data modelling the strike direction and the profile azimuth must be
perpendicular to each other. In order to understand the dimensionality and the strike
of the subsurface the internal structure of the impedance tensor should be known
(Cherevatova et al., 2014).
The spatial distributions, known as geo-electric dimensionality, can be used to
examine how well the data fit the assumed model, and will extract the best fitting
regional 1D or 2D impedances in presence of 3D galvanic distortion. The Phase
Tensor, unaffected by galvanic distortion, provides a practical tool to easily obtain
information about the dimensionality (Bibby et al., 2005). Skew, phase tensor
ellipticity, and strike direction were done to analyze the MT data for this study.
Swift Skew is skew of the impedance matrix or Swift’s skew (Swift, 1967) is a
rotationally invariant parameter indicating the dimensionality of the subsurface
structure. Swift skew 𝜅 is defined by:

𝑍

+𝑍

𝜅 = |Zx𝑥𝑥y− Zy𝑦𝑦z |

(19)

The values are less than 0.2 for 1-D and 2-D structures (Swift, 1967). Higher
skew values indicate the more complex structure at the site. The Swift skew result of
the study area shows less than 0.2 for most periods and the data is appropriate for 1-D
and 2-D inversion (Figure 19). The simple Swift skew is generally sensitive to galvanic
distortions (Bahr, 1988) due to small scale heterogeneities in the near surface and thus
may give an erroneous view of the dimensionality of the underlying medium. This is
in contrast to the Bahr 2-D/3-D skew (Bahr, 1991) which is insensitive to galvanic
distortions and the regional 2-D indicator should be below 0.3 for regional 2-D
structure. Bahr skew (BS) is a measure of the local 3-D distortion of regional 2-D fields
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based on impedance phase, rather than on impedance magnitudes, which is the
conventional definition of skew. It is a measure of the skew of the phase of impedance
tensor and defined by:

𝜂=

√|(Re(D1)Im(S2)−Re(S2)Im(D1))−(Re(S1)Im(D2)−Re(D2)Im(S1))|
|𝐷2 |

(20)

Where,
𝐷1 =𝑍𝑥𝑥 −𝑍𝑦𝑦 and 𝐷2 =𝑍𝑥𝑦 −𝑍𝑦𝑥.

𝑆1 =𝑍𝑥𝑥 +𝑍𝑦𝑦 and 𝑆2 =𝑍𝑥𝑦 +𝑍𝑦𝑥.

The result of the Bahr sensitivity skew of the MT data indicates less than 0.3
for most periods and has a higher probability for an effective 3D model (Figures 19 &
20).

Figure 19: Swift skew results of the study area for all sites
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Figure 20: Bahr 3-D/2-D skew values for all sites and all periods which are
insensitive to galvanic distortion.

The phase tensor can be represented graphically as ellipses, providing
information about the dimensionality of the geoelectrical structure (Caldwell et al.,
2004). The ellipticity is the ratio of the impedance tensor and similar to the skew but
non variant with rotation. According to Bibby et al. (2005), a threshold value of less
than 0.2 is used for ellipticity for 1-D real field MT data. For 2-D structure ellipticity
is non-zero. Our MT sounding elliptical result shows a high value from 1 s to 10 s for
most stations and for m02, m04 and m09 have high values at 1 s, 0.01 s and 0.1 s
respectively (Figure 21). The geoelectrical MT phase tensors (Caldwell et al., 2004)
for the data used in the inversion are shown in the Figure (21). The orientations of
phase tensor ellipses indicate the dominant flow direction of induced currents and
reflect lateral resistivity variations of the subsurface structures; circular ellipses
indicate one dimensionality of the subsurface. Otherwise, the conductivity structure is
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2D or 3D (Bibby et al., 2005). Most of the shallow depth ellipses indicate 1D character
and in the deeper, the ellipse behaves like 2D/3D structure. The colors filling the phase
tensor ellipses show the minimum phase tensor indicating a decrease in resistivity with
depth for angles greater than 45º, and an increase in resistivity with depth for angles
less than 45º. The ellipse of stations m03 and m04 is displayed in Figure (22). As is it
shown this figure the value of ellipticity in bellow 0.2, meaning that the real field MT
data is 1D at station m03. However, for the station m04 ellipticity of the most of the
data is higher than 0.2 which indicates a 2D structure in real field.

Figure 21: Elliptical representations of phase tensor pseudo-section (note: the ellipses
are shaded by the minimum phase angle indicating the resistivity structure).
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Figure 22: The ellipses of stations m03 and m04

In the case of a 2D earth, the strike direction must be found to decompose
impedance tensor into E and H polarizations. E-polarization (also referred to as TE
mode) contains electric fields parallel to the strike of the lateral contrast as well as the
perpendicular and the vertical component of the magnetic field, and B-polarization
(also referred to as TM mode) including the electric field component crossing the
resistivity contrast and the corresponding magnetic field component. The cumulative
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strike angle result was found around 0.1 s. Both results, the impedance tensor and
azimuth of phase tensor show 5º NE (Figure 23), i.e. the geo-electric strike direction
almost N-S in direction with 90º asymmetry. Regional geology confirms this strike
direction. The phase tensor ellipse around 0.1 s shows the dominant dimensionality
character.

Figure 23: Cumulative strike direction for all stations
2D resistivity models are models in which the resistivity is constant in one
horizontal direction while changing in the vertical and other horizontal direction. The
data were inverted using Occam inversion program (de Groot-Hedlin and Constable,
1990) with 38 periods (0.003 s – 8 s) after rotating 5 degrees to NW to get minimum
diagonal and maximum off-diagonal elements of the impedance tensor. A starting
model homogenous half space of 100 ohm-m and with 5% error floor were used for
the joint inversion of TE and TM modes. A 50 m first layer thickness was used and
increased logarithmically. The preferred model from the joint inversion achieved RMS
of 1.12 after 20 iteration. Figure (24) represents the ﬁnal resistivity model (2-D
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inversion model) of the study area and Figure (25) shows the misfit section between
the observed and predicted MT inversion.

Figure 24: 2D resistivity model from MT inversion (note: the locations of the MT
stations are indicated in a triangle form).
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Figure 25: The observed and predicted TE and TM modes of the inversion result.

Figure (26) shows the interpreted model from 2D MT inversion at Al
Mubazzarah geothermal area. The model shows mainly three distinctive resistivity
layers:
(1) A shallow conductive layer with resistivity ranging from 1 to 10 ohm.m
representing the Quaternary deposits, which are a saturated geological layer
(Murad et al., 2012),
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(2) A resistive layer with resistivities ranging from 50 to 500 ohm.m at depths
from 0.3 km up to 2 km in southern part and 3.3 km in northern part. This layer
represents carbonates which are common in this region, and
(3) A deep relatively conductive layer with resistivities from 10 to 30 ohm.m
beginning at depths from 2 km in southern part and 3.3 km in northern part.
This layer is interpreted as the top of geothermal reservoir hosted by
sedimentary rocks. The depth to the detected geothermal reservoir is around 3
to 3.5 km, which is in agreement with calculated depths from geochemistry
analyses of Saibi (2018).
Saibi et al. (2019) calculated the temperature of the geothermal reservoir at Al
Mubazzarah geothermal area with 73 to 87 ºC using cation geothermometers. Ussher
et al. (2000) said that top of geothermal reservoirs with temperatures between 70 and
200 ºC have low resistivity. Accordingly, the observed low resistivity at the bottom of
the model may represent the top of the Al Mubazzarah geothermal reservoir and the
hottest geothermal reservoir might be located deeper than 4 km.
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Figure 26: Schematic diagram of the main features in the interpretation of the 2-D
model.
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Chapter 5: Conclusion
The MT technique is particularly useful for exploring deep targets and relies
on measuring the electric conductivity contrasts of the different rocks in the
subsurface. A profile of seven locations (sites) was chosen out of nine for the MT
survey along the northern part of Hafit anticline, south east of Al Ain city, UAE. An
analysis of the MT data looking for 2D character for most period bands and 2D
inversion were done. The inversion results indicate low resistive layer from the surface
to the depth of 0.3 km with resistivity of 1 to 10 ohm.m representing quaternary
deposits. At the depth between 0.3 km and 2 km to 3.3 km, a resistive layer with 50 to
500 ohm.m corresponds to limestone which is widely present in the study area. The
deepest part of the study area (depths from 2 km- 3.3 km up to 4 km) represents a layer
with 10 to 30 ohm.m which likely correspond to the top of geothermal reservoir
beneath Al Mubazzarah geothermal field.
5.1 Research Implications
The findings of this study will contribute to the existing literature in the
magnetotelluric field. The expected impact of this study is primarily the establishment
of a new MT database since this study is the first MT measurement at Al Mubazzarah
area. This would improve future developments of the area from different prospective.
Initially, this study eases the understanding of electrical resistivity distribution beneath
Al Mubazzarah area which will give a detailed image of the geothermal reservoir
located in this area. Furthermore, this study will support local managers to maintain
the sustainability of the existing geothermal resources. This study would also be
beneficial for future developments of Al Mubazzarah area such as electricity
production and thermal bathing. Additionally, such study would encourage the

49
application of this technique in other areas of the country and help in future
exploitation of the geothermal resources to develop the renewable energies in Al-Ain.
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